Summary Previously, we demonstrated that, in some cell lines, exogenous applications of ascorbic acid (ASC) enhance the conversion frequency of white spruce (Picea glauca (Moench) Voss) somatic embryos, by stimulating mitotic activity in the apical meristems. To examine this event in more detail, we investigated the effects of ASC on de novo, salvage and degradation pathways of pyrimidine metabolism by following the metabolic fate of 14 C-labeled orotic acid, thymidine, uridine and uracil in shoot and root poles of germinating embryos, after altering the cellular ASC content of the embryos. Alterations in endogenous ASC content did not affect the utilization of either orotic acid or uracil, but affected the metabolism of thymidine and uridine. Specifically, a lowering of endogenous ASC content by applications of lycorine (L), an inhibitor of the last enzyme of the ASC de novo biosynthetic pathway, resulted in a lower embryo conversion frequency, as well as a reduced percentage of thymidine and uridine incorporated into nucleotides and nucleic acids. The reduction in thymidine and uridine anabolism was mainly ascribed to the decreased activities of thymidine kinase (TRK) and uridine kinase (URK), the respective salvage enzymes of thymidine and uridine, measured in L-treated embryos. These effects were solely a result of a decrease in endogenous ASC content because applications of ascorbic acid plus lycorine (ASC + L) increased embryo conversion frequency, thymidine and uridine salvage activities, and TRK and URK activities to near control values. Inclusion of exogenous ASC in the germination medium did not affect the percentage of embryos able to convert to viable plantlets, although it increased thymidine and uridine utilization for nucleic acid synthesis in the shoot and root poles of the embryos. Taken together, these findings confirm that cellular ASC plays a key role in the reactivation of the apical meristems of germinating white spruce somatic embryos.
Introduction
In the last few years much attention has been directed toward in vitro propagation of white spruce (Picea glauca (Moench) Voss), which is one of the most widely distributed coniferous species in North America (Hosie 1979) . Although regeneration of this species by somatic embryogenesis can be easily obtained (Hakman and Fowke 1987, Lu and Thorpe 1987) , germination and conversion of the somatic embryos to viable plantlets are often low. Post-embryonic performance of white spruce somatic embryos is strictly dependent on the quality of the apical meristems and their ability to reactivate at germination (Kong and Yeung 1992) . During the early stages of germination, resumption of DNA synthesis, followed by cell division, must occur in both shoot and root apical poles to allow growth of the embryo.
Previously, we demonstrated that ascorbic acid (ASC) plays an important role during germination of white spruce somatic embryos. Cellular ASC contents of embryos increase during the first days of germination, especially in embryos able to regenerate viable plants at high frequency . In addition, an experimental increase in the endogenous ASC content enhances the quality of somatic embryos and their post-embryonic growth through the reactivation of cell division in the apical meristems (Stasolla and Yeung 1999, Stasolla 2001) . Several studies conducted on animal and plant systems have confirmed the participation of ASC during DNA replication and cell division processes. For example, applications of ASC amplify tumor promotion in rat bladder carcinogenesis (Fukushima et al. 1988 ) and promote DNA synthesis in chemically induced forestomach tumors (Shibata et al. 1992) . In plants, ASC induces cell division in several systems, including cultured tobacco cells (de Pinto et al. 1999) , Lupinus albus L. seedlings (Arrigoni et al. 1997) , Allium cepa L. roots (Liso et al. 1984) and corn roots (Kerk and Feldman 1995) . Although the mode of action of ASC during the cell cycle is not well understood, it has been suggested that it is required for the progression of cells through the G 1 /S and G 2 /M transitions in onion and peas roots (Liso et al. 1984 , Citterio et al. 1994 . Furthermore, application of exogenous ASC to quiescent embryo cells sped up the G 0 /G 1 transition during germination (Citterio et al. 1994) . The role of ASC as a cofactor during the synthesis of hydroxyproline-rich glycoproteins, many of which participate in cell cycle events, further supports a role for ASC in cell proliferation (De Gara et al. 1991) .
The promotive effect of ASC in DNA synthesis and cell proliferation suggests that this metabolite may be involved in the synthesis of nucleotides, which are required in both processes. In germinating white spruce somatic embryos, exogenous applications of ASC regulate the activity of the purine salvage and degradation pathways by increasing the utilization of adenine and adenosine for nucleotide synthesis and reducing their catabolism . It is still unknown whether a similar regulation occurs for pyrimidine nucleotides, which are building blocks for nucleic acid synthesis (Stasolla et al. 2003) . De novo synthesis, salvage and degradation pathways of pyrimidine nucleotides are regulated by the activity of several enzymes (Figure 1 ), all of which operate in white spruce cells (Ashihara et al. 2000 , Stasolla et al. 2002 .
The objective of this study was to determine whether changes in the endogenous ASC content of germinating white spruce somatic embryos affect the reactivation of the apical poles and regulate pyrimidine nucleotide metabolism. To test this hypothesis, the metabolic fates of exogenously supplied orotic acid, uracil, uridine and thymidine, as well as the activities of several key enzymes, were measured in root and shoot segments excised from germinating white spruce somatic embryos with experimentally altered contents of ASC. Variations in endogenous ASC contents were induced by applications of L-galactono-γ-lactone (GL), the last precursor of the de novo biosynthesis of ASC, and lycorine (L), an inhibitor of the last reaction leading to the synthesis of ASC (Arrigoni et al. 1975 ).
Materials and methods

Induction and maintenance of the cultures
White spruce embryogenic tissues were generated from mature and immature embryos of the embryogenic white spruce line named (E)WSC, according to the methods of Lu and Thorpe (1987) . White spruce seeds, collected from the campus at the University of Calgary, were sterilized in 20% (v/v) com- Embryogenic tissues were transferred to solid maintenance medium (AE medium containing 10 µM 2,4-D, 2 µM BA and 3% sucrose) and were subcultured every 7 days.
Promotion of somatic embryo development
Promotion of somatic embryo development was achieved by spreading 50 mg fresh mass (FM) of embryogenic tissue on maturation medium (AE medium containing 50 µM of abscisic acid and 5% sucrose, solidified with 0.8% agar, pH 5.8).
Mature somatic embryos, characterized by well-developed cotyledons, were obtained after 40 days of incubation in the dark.
Partial drying and germination
The embryos were partially dried, as described by Roberts et al. (1990) . Mature embryos were placed into the central wells of a 24-well tissue culture plate (Falcon 3847, Becton Dickinson, Franklin Lakes, NJ). The outer wells were filled with sterile water. About 10 embryos, supported by a small filter paper disk (Whatman No. 1), were placed in each well and incubated in the dark for 10 days. After the partial drying treatment, the embryos were transferred to germination medium (half strength AE medium containing 1% sucrose, without growth regulators) and incubated in a 16-h photoperiod (photon flux of 90-95 µmol m -2 s -1 ; photosynthetic active radiation (PAR), 380-800 nm). Three independent experiments were conducted for each treatment with more than 50 embryos per experiment.
Alterations of the endogenous ASC contents of germinating embryos
Several metabolites were used to alter the endogenous ASC contents of the germinating embryos. Ten µl of liquid germination medium (control), or 10 µl of liquid germination medium supplemented with 1 mM ascorbic acid (ASC), 2 mM L-galactono-γ-lactone (GL) or 100 µM lycorine (L), or a combination, was applied to the germinating embryos every 24 h. Each solution, pH 5.8, was filter sterilized with a 0.2 µM Nalgene syringe filter. Before each application, the embryos were transferred to fresh germination medium to avoid accumulation of degradation products of the metabolites applied the previous day. On Days 2, 6 and 12 of the treatments, embryos were harvested from the germination medium and rinsed in distilled water. Root and shoot segments (1 mm in length) were dissected with the aid of a compound microscope, and used for tracer experiments and autoradiographic analysis. Accurate dissection of the apical segments was impossible to perform on Day 0 embryos because of their small size.
The concentrations of ASC, GL and L used in this experiment were optimized for embryos produced by the embryogenic spruce line (E)WSC that was used for all of the experiments reported in this paper. The effects of these metabolites were reproducible in other lines, although with different optimal concentrations.
ASC measurements
Germinating embryos were ground in 5% metaphosphoric acid (1:5 w/v) at 4°C to prevent ASC oxidation and degradation. The homogenate was then centrifuged for 20 min at 16,000 g and the supernatant was collected for the analysis of ASC as described previously . 
Radio
Metabolism of 14 C-labeled compounds
Tissue (60 root or shoot segments) was incubated with 10 µM of labeled compounds for 2 h at 27°C, as described by Stasolla et al. (2002) . Extraction and analysis of labeled metabolites were performed, as described previously (Ashihara et al. 2000 , Stasolla et al. 2002 . Incorporation of labeled compounds into the different cellular fractions was expressed as a percentage of total radioactivity taken up by the tissue.
Enzymatic assays
Enzymatic extracts were prepared and enzymatic activities assayed, as reported by Stasolla et al. (2002) . For each enzyme assay, 35 µl of desalted extract was incubated for 2, 5 and 10 min at 30 °C in a total volume 100 µl.
Autoradiography
Autoradiography of [methyl-3 H]thymidine was carried out, as described by Yeung (1984) . Dissected root and shoot segments were incubated in the presence of [methyl- 3 H]thymidine (1.5 µCi ml -1 ) for 24 h and then washed in distilled water. After fixation in FAA (2:10:1 (v/v) formaldehyde:ethanol:acetic acid), the samples were dehydrated in an ethanol series and embedded in Historesin. Serial longitudinal sections were cut at a thickness of 4 µm and mounted on slides. The slides were dipped in photographic emulsion (Kodak NTB2) that had been diluted to half the original concentration in warm distilled water. After a 10-day exposure at 4°C in the dark, the slides were developed and fixed in Kodak D-19 developer and Kodak fixer, respectively, according to Yeung (1984) . The sections were stained for 3 min with a 0.1% toluidine blue O solution buffered in benzoate pH 4.4. The preparations were examined and photographed with a Leitz Aristoplan light microscope. More than 30 embryos were analyzed at each sampling time for each treatment. Representative micrographs of the replicates are presented.
Statistical analysis
Statistical differences between values of control and treated embryos were analyzed by the Student t test.
Results
Endogenous ASC content of treated embryos
Alterations in the endogenous ASC contents of white spruce somatic embryos were induced by exogenous applications of ASC, GL, the last precursor in the de novo synthesis of ASC and L, which is a potent inhibitor of the enzyme that converts GL to ASC (Arrigoni et al. 1975) . The endogenous ASC contents of control embryos was about 2 nmol embryo -1 on Day 2 of the germination period and ASC content increased as germination progressed (Figure 2 ). Applications of L and GL + L depleted the endogenous ASC content. After 12 days of culture, the ascorbate contents of L-and GL + L-treated embryos were 6.7 nmol embryo -1 and 7.6 nmol embryo -1 , respectively, compared with 16.3 nmol embryo -1 for the control embryos. Higher contents of endogenous ascorbate were measured in embryos germinated in the presence of exogenous ASC, GL and ASC + L at all stages of germination. There were significant differences in endogenous ASC content between control embryos and embryos in all of the treatments after only a few days in culture ( Figure 2 ).
Effects of culture conditions on meristem reactivation
Meristem reactivation at germination was estimated by scoring the percentage of embryos able to convert, i.e., produce a root and shoot system and regenerate viable plants. The conversion frequency of somatic embryos germinated in the presence of ASC or GL was > 77% and was similar to that of control embryos. Applications of L or GL + L caused a dramatic decrease in conversion frequency (21.1 and 26.9%, respectively). Only a slight decline in the percentage of embryos able to convert to viable plantlets was observed in the presence of ASC + L ( Table 1 ). Treatments that increased the endogenous ASC content had no visible effect on the post-embryonic growth of the embryos, which grew and developed in a similar fashion to their control counterparts. However, stunted growth, which included a shorter root system and smaller shoot, was visible in those embryos treated with L-or GL + L that were able to germinate. Stunted growth of the shoot and root was partially overcome if L was supplied together with ASC (data not shown).
Pyrimidine metabolism in root and shoot segments of germinating embryos
Because of the difficulty of collecting sufficient shoot and root segments from germinating embryos, and the limited amount of L available (L was kindly provided by Prof. Laura De Gara, University of Bari, Italy), the metabolic studies were limited to the following treatments: control, ASC, L, and ASC + L. Treatments GL + L and GL were omitted because the effects of the GL + L and GL treatments on cellular ASC content and conversion frequency were similar to the effects of L and ASC, respectively ( Figure 2 ; Table 1 ), and because the GL treatments demonstrated that L lowers the cellular ASC content by blocking the conversion of GL to ASC. The endogenous ASC content increased only if GL was applied alone, but not if GL was applied in the presence of L (Figure 2 ).
Total uptake of 14 C-labeled compounds
In shoot segments of L-treated embryos, total uptake of thymidine increased during the 12 days of germination, whereas it remained almost unchanged in the other treatments. Compared with shoot segments of control embryos, uptake of uridine (UR) was higher in embryos in all of the other treatments on Day 2 of culture. In root segments, L generally increased uptake of thymidine and uridine ( Figure 3 ) and the uptake of orotic acid and uracil (data not shown).
Degradation of 14 C-labeled compounds
A large percentage of the labeled thymidine taken up by shoot and root segments was catabolized to CO 2 and β-ureidoisobutyric acid ( Figure 1 ; Table 2 ). In shoot segments, regardless of the treatment, more than 56% of [2-14 C]thymidine was released as 14 CO 2 , whereas only traces of radioactivity were recovered in β-ureidoisobutyric acid ( Figure 1 ; Table 2 ). Extensive thymidine degradation was observed also in root segments, especially on Day 6 when more than 70% of [2- 14 culture period (from Day 6 to Day 12), the percentage of radioactivity released as 14 CO 2 decreased in control, ASC-and ASC + L-treated roots, whereas it remained high (81.4%) in L-treated roots.
Compared with thymidine, degradation of uridine was less pronounced at any day in culture. For shoot and root segments, the percentage of radioactivity from uridine recovered as 14 CO 2 was always lower in ASC-treated tissue than in control tissue on any day in culture, whereas an opposite tendency was observed in shoot and root segments cultured in the presence of L. The percentage of uridine, degraded in the control and the ASC + L-treated shoot and root segments, was similar throughout the culture period ( Table 2) . Degradation of both orotic acid and uracil to CO 2 and β-ureidopropionate was similar for all treatments on any day in culture (data not shown).
Utilization of 14 C-labeled compounds for nucleotides and nucleic acid synthesis
Only a small fraction of the labeled thymidine was salvaged for the synthesis of nucleic acids (DNA and RNA) and nucleotides (TMP, TDP, and TTP; Figure 1 and Table 3 ). Among treatments, shoot segments in the L treatments had the lowest utilization of thymidine on any day in culture. An opposite trend was observed for ASC-treated embryos, where salvage of thymidine was nearly always higher than for control embryos (Table 2) midine into nucleic acids was 4.6% and 0.4% in control and L-treated roots, respectively. Intermediate values (3.6%) were observed in roots treated with ASC + L (Table 3) . Over the course of the experiment, utilization of thymidine for nucleotide biosynthesis remained unchanged in roots of control and ASC + L-treated embryos, whereas it decreased in the presence of L. Overall, the highest incorporation of thymidine into the nucleotide fraction was measured in ASC-treated roots (3.5% and 7.4% on Days 6 and 12, respectively; Table 3 ). No significant treatment differences in the utilization of orotic acid or uracil for nucleic acid and nucleotide synthesis were measured during the germination period (data not shown).
Enzymatic assays
In the shoot and root segments, activity of thymidine kinase (TRK), the enzyme responsible for the salvage of thymidine (Figure 1 ), increased as germination progressed in all treatments with the exception of L (Figure 4) . A similar profile was observed for uridine kinase (URK), which converts uridine to UMP (Figure 1 ). During the entire culture period, URK activity was lowest in L-treated tissue and highest in ASC-treated tissue. No significant treatment differences were observed in the activities of uracil phosphoribosyltransfease (UPRT), orotate phosphoribosyltransfease (OPRT) and nucleoside phosphotransferase (NPT) measured with thymidine or uridine (Figure 1 ; data not shown).
Autoradiographic studies
At Day 6, both control and ASC-treated embryos were characterized by the presence of a dome-shaped shoot primordium as well as an elongated radicle. Many of the cells within the shoot and root apices were heavily labeled with [methyl- 3 H]thymidine. Shoot primordium and radicle emergence were delayed in L-and ASC + L-treated embryos. However, compared with L-treated embryos, where only a few cells were able to incorporate thymidine in their nuclei ( Figures 5C and 5D) , a greater accumulation of silver grains was observed in shoot and root cells of ASC + L-treated embryos (Figures 4G and 4H) .
After 12 days of germination, shoots and roots continued to develop in both control and ASC-treated embryos. Although less pronounced than that observed on Day 6, incorporation of thymidine into the cells of the shoot apical region occurred in both treatments. Accumulation of label was also observed in root cells, especially those of ASC-treated embryos (Figure 6F) . No incorporation of thymidine was found in shoot and root cells of L-treated embryos, which were unable to develop further ( Figures 6C and 6D) . Compared with the shoot region, where many cells accumulated silver grains in their nuclei, fewer root cells of ASC + L-treated embryos were able to incorporate thymidine ( Figures 6G and 6H ). Throughout the experiment, shoots and roots of ASC + L-treated embryos generally contained more 14 C than shoots and roots of Ltreated embryos. 1.6 ± 0.2 2.1 ± 0.3 4.2 ± 0.1 0.9 ± 0.2 1.6 ± 0.1 3.6 ± 0.2 Nucleotides Control 1.1 ± 0.3 3.7 ± 0.1 3.5 ± 0.2 1.3 ± 1.1 2.0 ± 0.2 1.6 ± 0.2 L 2.1 ± 0.2 3.7 ± 03 3.9 ± 0.4 2.1 ± 0.2 1.7 ± 0.1 0.7 ± 0.2 ASC 2.7 ± 0.4 3.8 ± 0.7 4.5 ± 0.3 3.0 ± 0.3 3.5 ± 0.2 7.4 ± 0.1 ASC + L 1.9 ± 0.1 3.4 ± 03 3.8 ± 0.1 1.9 ± 0.1 1.8 ± 0. 
Discussion
Reactivation of apical meristems at germination is a critical event for successful regeneration of embryos into plants. During white spruce somatic embryogenesis a failure to resume mitotic activity in the apical poles is often observed in many cell lines and results in poor post-embryonic performance of the embryos (Kong and Yeung 1992) .
Our results indicate that meristem reactivation in white spruce somatic embryos may be controlled by the availability of endogenous ASC. Depletion of the ASC pool, effected by applications of either L, which inhibits the conversion of GL to ASC (Arrigoni et al. 1975) , or by a combination of GL and L, reduces the conversion frequency of the embryos (Figure 2 ; Table 1 ). This reduction in post-embryonic growth is solely a result of depletion of the cellular ASC pool of the embryos and is associated with a possible toxic effect of L because both endogenous ascorbate content and conversion frequency were restored to control values when L was applied in conjunction with ASC (Figure 2 ; Table 1 ). An enlargement of the cellular ascorbate pool through exogenous applications of either ASC or GL did not increase the already high conversion frequency of the embryos. These results suggest that a critical threshold amount of cellular ASC must be maintained in the embryos to support growth at germination. In support of this notion it was observed that the endogenous ASC content of good quality somatic embryos (88% conversion frequency; Table 1 ) was more than double that of poor quality embryos (33% conversion frequency) produced by other lines . In these poor cell lines, however, the conversion frequency of the embryos was increased significantly if the endogenous ASC pool was augmented by exogenous applications of ASC (Stasolla and Yeung 1999) . The beneficial effects of ASC on embryo quality and conversion are probably related to alterations in the cellular redox state because similar results have also been obtained through manipulation of the endogenous glutathione pool (Belmonte et al. 2005) . A tight relationship between ascorbate and glutathione is well established in the literature (Potters et al. 2002) .
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Figure 4. Specific activity of the major pyrimidine salvage enzymes in shoot and root segments of white spruce somatic embryos. Values, expressed as pkat mg -1 protein, are means ± SE of three independent experiments. Enzymes measured are thymidine kinase (TRK) and uridine kinase (URK). Abbreviations and symbol: C = control; L = lycorine; ASC = ascorbic acid; ASC + L = ascorbic acid plus lycorine; and * = values that are significantly different from control values (P < 0.01). Figure 5 . Autoradiographs showing the incorporation of 3 H-thymidine in shoot (A, C, E and G) and root apices (B, D, F and H) of white spruce somatic embryos 6 days after germination. The embryos were incubated for 24 h in the presence of [methyl-3 H-thymidine (1.5 µCi ml -1 ). Incorporation of labeled thymidine into the nuclei of shoot and root apices was observed in all treated embryos at this time. Compared with shoot and root apices of control embryos (A and B), which were mitotically active, as indicated by the large number of labeled (black accumulation of silver grains) nuclei, mitotic activity was reduced in the apical regions of L-treated embryos (C and D). Thymidine incorporation was pronounced in the nuclei of the meristematic cells of ASC-treated embryos (E and F). Only a few nuclei of root and shoot segments of ASC + L-treated embryos were labeled at this stage (G and H). All scale bars = 40 µm.
vation was accompanied by profound changes in thymidine and uridine metabolism. Uptake of thymidine by shoots, and of all pyrimidine precursors tested (including orotic acid and uracil; data not shown) by the roots of L-treated embryos, was generally higher than by shoots and roots of control embryos (Figure 3 ). These differences are difficult to explain and do not seem to be a direct effect of the decreased ASC content effected by treatment with L because they were not reproduced by the GL + L treatment that also reduced cellular ASC content. Therefore, it appears that L may have a direct effect on plasma-membrane properties and solute uptake. Experimental manipulations of endogenous ASC content, however, resulted in differential utilization of pyrimidine precursors. In both root and shoot segments of ASC-treated embryos, utilization of uridine for the synthesis of nucleotides and nucleic acids increased over time (Table 3) , possibly because of increased URK activity of URK (Figures 1 and 4) . This increase in salvage activity in ASC-treated embryos compared with control embryos was correlated with a decreased rate of uridine degradation (Table 2) , suggesting competition between the salvage and degradation pathways. An active salvage pathway at the inception of germination has been reported in zygotic spruce embryos where it is necessary for enlarging the endogenous nucleotide pool before activation of the de novo pathway (Stasolla et al. 2002 ). An increased contribution of uridine to nucleotide and nucleic acid synthesis was also observed in Vinca rosea (L.) G. Don in preparation for the cell division phase (Kanamori-Fukuda et al. 1981) .
We found a positive correlation between ASC-induced meristem conversion and the reactivation of the uridine salvage pathway. Compared with embryos germinated in the presence of ASC, salvage of uridine in the apical segments of L-treated embryos was always lower, whereas the rate of degradation was higher (Table 2 and 3) . These profiles, which can be ascribed to low URK activity (Figure 4) , were correlated to a low embryo conversion frequency (Table 1 ) and a reduced content of endogenous ASC (Figure 2 ). Both the uridine salvage pathway activity and the conversion frequency recovered almost to control values when the endogenous ascorbate content of L-treated embryos was increased by exogenous applications of ASC (see ASC + L treatment in Tables 1-3 and Figure 2) . The observation that ASC-treated embryos have conversion values similar to their control counterparts (close to 100%), but increased URK and uridine salvage activities suggests that the alterations in metabolism observed between embryo types are a direct effect of changes in the endogenous ASC content. Therefore, it is proposed that a threshold amount of endogenous ASC is required in the apical cells to activate pyrimidine nucleotide biosynthesis via the salvage pathway of uridine. Increased production of nucleotides would then support DNA synthesis and growth of the embryo leading to meristem conversion. These events are prevented in embryos with low amounts of cellular ASC, i.e., L-treated embryos.
As found for uridine, differences in thymidine metabolism were observed among treatments. In agreement with earlier studies (Stasolla et al. 2002) , a large percentage of the supplied thymidine was catabolized to CO 2 . In root segments of Ltreated embryos degradation of thymidine increased over time, whereas its utilization for nucleic acids and nucleotides remained low (Tables 2 and 3 ). These effects were reversed if the cellular ASC was maintained at high concentrations, as observed in ASC + L-treated embryos. Similarly, the low thymidine salvage, measured in shoot segments of L-treated embryos as germination progressed, was increased close to control values by the ASC + L treatment (Tables 2). The poor utilization of thymidine for nucleic acid synthesis observed in L-treated root and shoot segments was confirmed by the autoradiographic studies. Compared with control embryos, mitotic activity estimated by the accumulation of silver grains was low in L-treated embryos, but it increased when roots and shoots were cultured in the presence of ASC + L (Figures 5 and 6) .
Regulation of the cell cycle by cellular ASC is well documented in the literature. Liso et al. (1984) reported that L induced a profound inhibition of cell division in onion root meristems and exogenous applications of ASC caused quiescent onion root cells to undergo DNA synthesis. Liso et al. (1988) suggested that a high content of endogenous ASC reduced the duration of the cell cycle, possibly by shortening the G 1 phase. This interpretation has been substantiated by studies documenting a positive correlation between endogenous ASC content and cell proliferation (Citterio et al. 1994 , Kerk and Feldman 1995 , Arrigoni et al. 1997 ; however, no convincing evidence is currently available on the molecular mechanisms underlying this effect. From our data it appears that a critical ASC threshold may be required to maintain high TRK activity.
The activity of TRK was decreased in L-treated shoot and root segments (Figure 4 ). Thymidine kinase activity is required for the conversion of thymidine to TMP, the first step in the synthesis of DNA (Figure 1) , and TRK activity appears to be strictly related to DNA synthesis. Although TRK activity was not detected in several systems, including Phaseolus mungo (L.) Hepper seedlings (Kameyama et al. 1985) and potato extracts (Arima et al. 1971) , possibly because of a dilution effect caused by the heterogeneous population of cells found in these tissues, an increase in TRK activity was observed during the early stages of Paracentrotus lividus zygote development and during corn seedling germination (Wanka and Walboomers 1966) , in association with active DNA synthesis. A similar result has been obtained in animal systems, where TRK activity has been shown to be closely associated with the biochemical events culminating in DNA synthesis and cell proliferation (Bianchi et al. 1997) . Therefore, we postulate that TRK activity, regulated by the availability of ASC in the system, determines the fate of thymidine and ultimately its incorporation into DNA. Low TRK activity, as measured in L-treated embryos, resulted in extensive thymidine catabolism and poor salvage and DNA synthesis (Table 3 ; Figures 5 and 6 ). In contrast, extensive utilization of thymidine was observed in ASC + L-treated embryos, which have high amounts of endogenous ASC and high TRK activity.
Compared with uridine and thymidine, the metabolic fates of orotic acid and uracil, as well as the activities of OPRT and UPRT (Figure 1 ), appeared to be unaffected by the treatments (data not shown). These results have two important implications. First, they indicate that meristem reactivation is accompanied by changes in pyrimidine metabolism that are limited to specific pathways. Second, the increasing demand for pyrimidine nucleotides in converting meristems with high amounts of ASC is met through increased salvage activities, rather than through an increase in de novo biosynthesis. Utilization of orotic acid, an intermediate of the de novo synthesis pathway (Figure 1) , for nucleic acid and nucleotide synthesis was not altered by the treatments (data not shown).
In conclusion, we have demonstrated that the endogenous ASC content of white spruce somatic embryos controls meristem reactivation possibly through the activities of uridine and thymidine salvage. Depletion of the endogenous ASC content, effected by applications of L, reduced the conversion frequency of the embryos and the utilization of thymidine and uridine for the synthesis of nucleotides and nucleic acids in both root and shoot poles. These effects were reversed when the endogenous ASC content was increased by exogenous applications. As well as elucidating the role of ASC during germination, our studies provide information of potential value in the commercialization of somatic embryogenesis in coniferous species.
